The 2009 pandemic H1N1 influenza A virus spread across the globe and caused the first influenza pandemic of the 21st century. Many of the molecular factors that contributed to the airborne transmission of this pandemic virus have been determined; however, the direct-contact transmission of this virus remains poorly understood. In this study, we report that a combination of two mutations (N159D and Q226R) in the haemagglutinin (HA) protein of the representative 2009 H1N1 influenza virus A/California/04/2009 (CA04) caused a switch in receptor binding preference from the a2,6-sialoglycan to the a2,3-sialoglycan receptor, and decreased the binding intensities for both glycans. In conjunction with a significantly decreased replication efficiency in the nasal epithelium, this limited human receptor binding affinity resulted in inefficient directcontact transmission of CA04 between guinea pigs. Our findings highlight the role of the HA gene in the transmission of the influenza virus.
Influenza virus is transmitted among humans and animals in at least two manners: (1) by direct contact with infected individuals and contaminated objects (direct-contact transmission), and (2) via aerosol or respiratory droplets (airborne transmission). Although the relative contributions of each transmission mode remain unknown, both direct-contact transmission and airborne transmission can be affected by viral, environmental and host factors (Belser et al., 2010) . Influenza virus haemagglutinin (HA) is the surface protein that is involved in binding host-cell sialic acid (SA) residues to initiate infection. Many previous reports have demonstrated that the binding affinity of HA for a2,6-linked SAs (human receptors) is an essential factor that correlates with the transmissibility of influenza virus in mammals. Some H5 and H9 subtype avian influenza viruses that recognize the human receptors are transmitted efficiently by direct contact, although further adaptation or reassortment is needed to acquire the droplet transmissibility (Gao et al., 2009; Herfst et al., 2012; Kimble et al., 2011; Wan et al., 2008) . In the 1918 pandemic H1N1 virus, two amino acid changes in the receptor binding domain (RBD) of HA caused a switch in receptor binding preference from the human receptor to the avian receptor, and resulted in a virus that was incapable of respiratory droplet transmission between ferrets (Tumpey et al., 2007) . It was also reported that the human receptor binding specificity of HA was critical for direct-contact transmission of the 1918 H1N1 virus, while PB2 was further required to generate virus transmission through the air (Van Hoeven et al., 2009) . These findings, together with the fact that droplet transmission but not direct-contact transmission of the human seasonal influenza virus in guinea pigs is impaired in hot and wet weather conditions, suggest that direct-contact transmission seems to occur more easily than droplet transmission in mammalian models (Lowen & Palese, 2009; Lowen et al., 2007 Lowen et al., , 2008 .
In 2009, a novel swine-origin H1N1 virus emerged and caused the first influenza pandemic of the 21st century. The 2009 pandemic H1N1 influenza virus quickly spread worldwide, which makes this virus valuable for the study of the molecular properties that confer efficient transmissibility to influenza viruses. The use of the ferret model revealed that the 2009 H1N1 virus is transmitted efficiently via direct contact, and that the transmission efficiency of the respiratory droplet route is reduced compared to those of the 1918 pandemic H1N1 and seasonal H1N1 influenza viruses . Many viral factors that contribute to the airborne transmission of this pandemic virus have been determined, but little is known about efficient direct-contact transmission (Chou et al., 2011; Lakdawala et al., 2011; Yen et al., 2011) . In the present study, we selected the Q226R and N159D mutations in HA to investigate the relationship between binding affinities for human receptors and direct-contact transmission. but only Q226R leads to impaired airborne transmission in ferrets (Belser et al., 2011; van Doremalen et al., 2011; Zhang et al., 2012) . The escape mutation, N159D, in the SA antigenic site was recently identified and was additionally shown to decrease the binding of the 2009 H1N1 virus to both human and avian receptors (Rudneva et al., 2012) . Furthermore, both the Q226R and N159D mutations were found in the egg-adaptation of the 2009 H1N1 virus, which suggests that these mutations might have a combined effect on the adaptation to avian cells (Chen et al., 2010) .
To examine the effects of these single amino acid changes, and the combined mutations, on receptor binding and direct-contact transmission in mammals, we first generated four recombinant viruses on the background of the human 2009 H1N1 reference strain CA04, by reverse genetics as previously described (Hoffmann et al., 2000) . The virus with all of the wild-type gene segments of CA04 was designated rCA04, and the rCA04-159 and rCA04-226 viruses contained N159D and Q226R mutations in HA, respectively. The virus that carried both substitutions was designated rCA04-159/226. All of the rescued viruses were propagated in specific-pathogen-free (SPF) chicken eggs and confirmed by sequencing before testing.
The receptor specificities of the recombinant viruses were first analysed with a solid-phase direct binding assay (Zhang et al., 2012) . Two biotinylated glycans, Neu5Aca2-6Galb1-4GlcNAcb (69SLN)-PAA-biotin and Neu5Aca2-3Galb1-4GlcNAcb (39SLN)-PAA-biotin (GlycoTech), were used as representations of avian and human receptors. Next, a 2.4 mM solution of each glycan in PBS was added to the wells of a streptavidin-coated 96-well plate (Pierce). The plate was incubated overnight at 4 u C and subsequently washed with cold PBS to remove the excess glycans. The virus was inactivated by the addition of 0.1 % (v/v) b-propiolactone and serially diluted in PBS containing 1 % BSA. The inactivated virus was then added to the glycan-coated wells, and the plate was incubated overnight at 4 u C. After rinsing with PBS containing 0.05 % Tween 20 (PBST) to remove the excess virus, the wells were incubated with mouse antisera against the virus for 2 h at 4 u C. Bound antibody was detected by the sequential addition of horseradish peroxidase-linked goat anti-mouse antibody for 2 h at 4 u C. The wells were washed again with PBST and incubated with tetramethylbenzidine substrate solution for 10 min at room temperature. The reaction was stopped with 1 M H 2 SO 4 , and the absorbance was determined at 450 nm. Each sample was measured in triplicate. Both rCA04 and rCA04-159 exhibited preferences for a2,6-sialoglycan (69SLN) binding (Fig. 1a) , and bound to a2,3-sialoglycan (39SLN) to substantially reduced degrees (Fig. 1b) . However, the relative binding intensities of rCA04-159 for both glycans were lower than those of the rCA04. In contrast, rCA04-226 and rCA04-159/226 preferentially bound to 39SLN (Fig. 1b) , and their binding to 69SLN was very limited (Fig. 1a) . Compared to rCA04-226, rCA04-159/226 also exhibited lower relative binding intensities to both of the glycans.
The receptor specificity was further analysed with a haemagglutination assay as previously described (Suptawiwat et al., 2008) . Briefly, a 100 ml aliquot of a 10 % suspension of goose red blood cells (GRBCs) was treated with 1.25 units of a2,3-sialidase (TaKaRa) for 1 h at 37 u C to remove the a2,3-receptors. The treated GRBCs were washed twice and adjusted to a final working concentration of 0.5 % with PBS. The viruses (50 ml) were serially diluted with 50 ml of PBS and mixed with 50 ml of 0.5 % of GRBCs in a 96-well microtitre plate. The reaction was maintained at room temperature, and the HA titres were read after a 15 min incubation. The rCA04 virus exhibited full HA activity for both types of GRBCs, and a twofold decreased HA titre of rCA04-159 was detected for the a2,3-sialidase-treated GRBCs. In contrast, rCA04-226 exhibited 32-fold decreased HA titre with the treated GRBCs, and rCA04-159/226 only agglutinated untreated GRBCs (Fig. 1c) . These findings further demonstrated that rCA04 and rCA04-159 preferentially bound to a2,6-receptors, whereas rCA04-226 and rCA04-159/226 exhibited a2,3-receptor binding specificities.
We then examined the roles of amino acid substitutions at positions 159 and 226 in direct-contact transmission. Groups of five Hartley strain female guinea pigs were inoculated intranasally with 10 5.0 50 % egg infective dose (EID 50 ) of each recombinant virus and housed in separate cages placed inside the isolator. After 24 h, five naive guinea pigs were introduced into the same cages as the direct-contact group. Nasal washes were collected at 2-day intervals for up to 2 weeks for virus titrations. However, infection of the naive animals in this model might also occur through respiratory droplets; thus, the term directcontact transmission does not exclude airborne transmission. The animal research was approved by the Jiangsu Administrative Committee for Laboratory Animals (Permit number: SYXKSU-2007-0005) and complied with the guidelines of the Jiangsu Laboratory Animal Welfare and Ethical regulations of the Jiangsu Administrative Committee of Laboratory Animals. All four of the recombinant viruses replicated in the inoculated guinea pigs, and were cleared within a similar time frame. The inoculated guinea pigs in the rCA04 and rCA04-159 groups shed the virus for 6 days and exhibited peak titres between 10 6.6 and 10 7.8 EID 50 ml 21 on day 2 post-inoculation (p.i.). However, the guinea pigs that were inoculated with rCA04-226 and rCA04-159/226 exhibited much lower peak shedding levels (P,0.01) of 10 4.8 -10 6.5 EID 50 ml 21 on days 2 and 4 p.i. (Fig. 2a) . In the direct-contact transmission experiments, all five of the naive guinea pigs exposed to rCA04 and rCA04-159 shed infectious virus in the nasal washes on day 1 post-exposure (p.e.), and exhibited similar peak titres between 10 6.3 and 10 7.8 EID 50 ml 21 on days 3 and 5 p.e. In contrast to the rCA04 group, three of five direct-contact guinea pigs that were exposed to rCA04-226 later shed the virus (day 3 p.e.), and all of the direct-contact guinea pigs reached slightly lower peak titres between 10 6.5 and 10 7.2 EID 50 ml 21 on day 5 p.e. However, no virus shedding was detected in the nasal washes of the contact guinea pigs in the rCA04-159/226 group (Fig. 2a) . Sera were collected from the infected guinea pigs on day 14 p.i., and from the direct-contact guinea pigs on day 18 p.i. The sera were treated with receptor-destroying enzyme prior to being tested for haemagglutinin inhibition (HI) antibody detection. The results of the antibody detections further demonstrated that seroconversion had occurred in the guinea pigs that were shedding the virus. Although none of the direct-contact guinea pigs in the rCA04-159/ 226 group exhibited any detectable virus shedding, antirCA04-159/226 HI titres of 20 or 40 were detected in three of the five direct-contact guinea pigs (Table 1) . These findings indicate that the single N159D or Q226R mutations did not affect the efficiency of direct-contact transmission. However, the combination of these two mutations to the HA of the 2009 H1N1 virus significantly decreased its direct-contact transmissibility.
To minimize the stress of the guinea pigs, the nasal washes were collected every other day, and virus shedding could not be measured on the intervening days. For the purpose of the statistical analyses, the area under the nasal wash curve between days 2 and 6 post-inoculation (AUC 2-6 days p.i. ) was calculated from the nasal wash virus titres of each individual guinea pig, as previously described (Bouvier et al., 2012) . The AUC 2-6 days p.i. quantifies the duration of peak virus shedding by inoculated guinea pigs. In this study, no significant differences were observed in the mean nasal wash AUC 2-6 days p.i. values between the rCA04 group and the single-mutant virus groups. However, the AUC 2-6 days p.i. value of the rCA04-159/226 group was significantly lower than that of the rCA04 group, which indicates that the combination of the N159D and Q226R mutations in HA induced a decrease in replication in the upper respiratory tracts of the inoculated guinea pigs. The nasal wash AUC 2-6 days p.i. of exposed guinea pigs quantitatively estimates the rapidity with which direct-contact transmission events occur. Faster transmission corresponds to higher early nasal wash titres, and thus higher AUC 2-6 days p.i. values. The rCA04-159/226 contact group exhibited no detectable virus shedding, and the AUC 2-6 days p.i. value of the rCA04-226 group was significantly lower than that of the rCA04 group. However, there was no significant difference between the rCA04-159 contact group and rCA04 group (Fig. 2b) . These results suggest that a single Q226R mutation decreased the speed of direct-contact transmission.
Guinea pigs have been widely used as an animal model in the study of the transmission of influenza virus. Many human and avian influenza viruses are able to infect guinea pigs without prior adaptation. The molecular basis of this phenomenon might be that both the SAa2,6Gal and SAa2,3Gal receptors are widely present in the nasal and tracheal areas of the guinea pigs (Gao et al., 2009; Sun et al., 2010) . However, the binding affinity of HA for a2,6-linked SAs is still thought to be the critical factor that correlates with the transmissibility of influenza virus in this host. The 2009 pandemic H1N1 virus is effectively transmitted between guinea pigs, whereas transmission studies of the H5N1 virus have shown that mutations are needed in the HA to acquire the ability to bind to human receptors, and acquire transmissibility (Gao et al., 2009; Sun et al., 2010) . Conversely, the transmissibility of human influenza viruses would be altered if their human-receptor binding abilities were decreased. The mutation Q226R in the RBD of HA is known to alter the viral receptor specificity of both 2009 H1N1 and seasonal H1N1 viruses (Matrosovich et al., 2004; Yasugi et al., 2012) . A previous report showed that the single mutation pigs (Zhang et al., 2012) . We found that the Q226R substitution does not affect the efficiency of direct-contact transmission; however, this substitution decreases the rapidity of transmission. It has also been reported that Q226R is infrequent and quickly disappeared from human circulation. The underlying mechanism of this phenomenon might be that this substitution does not facilitate the transmission of the virus between humans (Yasugi et al., 2012; Zhang et al., 2012) . Position 159 is located in the SA antigenic site and is very close to the RBD of HA. It has been reported that the N159D substitution increases the local negative charge of the globular head region and further decreases the affinities for both human and avian receptors (Rudneva et al., 2012) . Our results are consistent with these findings. Compared to rCA04 and rCA04-226, the rCA04-159 and rCA04-159/226 viruses exhibited lower relative binding intensities to both the 69SLN and 39SLN glycans (Fig. 1) . Although we demonstrated here that the single mutation N159D did not change the transmission of CA04 in guinea pigs, it has been reported that very few 2009 pandemic H1N1 influenza viruses acquired this escape mutation that renders the virus resistant to the immunological pressures of human hosts (Rudneva et al., 2012) . These findings suggest that the survival advantage might not be sufficient to overcome the disadvantage that results from the damage to the ability of the virus to bind cell receptors. However, further decreases in human receptor binding were observed in rCA04-159/226 with both the N159D and Q226R mutations, and these decreases resulted in undetectable virus shedding in the directcontact group of guinea pigs. Additionally, we found that the peak viral titres and the AUC 2-6 days p.i. value for rCA04-159/226 in the infected guinea pigs were significantly lower than those of the rCA04 group (Fig. 2) , which indicates that the combination of these two mutations is also important for viral replication. Efficient growth in the respiratory tract is also thought to be critical to the transmission of the influenza virus. Many adaptive amino acids, such as 627K and 701N in PB2, have been detected in H5N1 influenza viruses, and facilitate improvements in the replication abilities and the acquisition of transmissibility of these viruses in mammalian hosts (Gao et al., 2009; Hatta et al., 2007) . In summary, we revealed that the N159D and Q226R mutations in the HA protein of the 2009 pandemic H1N1 virus have the combined effects of decreasing human receptor binding and replication, and lead to inefficient direct-contact transmission in guinea pigs. Previous results and the results of our study reemphasize the correlations between the receptor-binding characteristics and transmission of influenza virus. DValues in parentheses show HI antibody titres in sera collected at day 14 p.i. dValues in parentheses show HI antibody titres in sera collected at day 18 p.i.
